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Abstract 
Sugarcane based industry is one of the largest sectors in agro-industries. Most of the sugar industries 
are associated with distilleries which either use sugarcane juice or molasses for fermentation. These 
distilleries generate huge wastewater streams called as spent wash or vinasse (> 45 billion litres spent 
wash in India). These waste streams have high COD (chemical oxygen demand) and are generally used 
to produce biogas using an anaerobic digester (AD). In this work, for the first time, we investigated 
novel vortex based hydrodynamic cavitation (HC) pre-treatment of these waste streams for 
significantly enhancing biogas generation and thereby the renewable energy yield (1% increase in 
biogas yield corresponds to an energy gain of ~8.5 TJ/ billion litre of spent wash).  High COD spent 
wash (120,000 ppm, sourced from an industry in India) and a tequila distillery vinasse (27,000 ppm, 
sourced from an industry in Brazil) were used as feed streams for realising enhanced biogas 
generation. The experimental data of biochemical methanation potential (BMP) of the feed was 
measured for different extent of vortex based HC pre-treatment and described using a first order 
model. Beneficial impact on biomethane generation (14 % enhancement) from spent wash was 
observed upon 2 passes HC pre-treatment, corresponding to a net energy gain of 1 GJ/ton COD.  Pre-
treatment using vortex based cavitation devices was found to be quite beneficial, especially for spent 
wash, which is difficult to digest compared to vinasse. Up to 22 % enhancement in biogas yields from 
large scale industrial trials on spent wash digesters (shared by an Indian industry collaborator) also 
confirmed the findings obtained with the laboratory BMP measurements.  The work presented will be 
useful and can be translated to other related ‘difficult to digest’ biomass streams for enhancing 
valorisation by using vortex based HC pre-treatment 






Food and agricultural organisation of the United Nations’ crop statistics recorded a global sugarcane 
production of ~1850 million tonnes for the year 2017 [1]. Over 55 % of this production was contributed 
by the top two producers, Brazil and India. Sugar is the primary product extracted from cane, however 
there are other by-products and waste streams that are generated by the end of its life cycle. A range 
of products and wastes generated from sugarcane in the sugar industry and distilleries are shown in 
Figure 1. As seen, upon the extraction of juice, concentration and sugar extraction, the molasses 
obtained is sent to distilleries for alcohol fermentation. This process generates distillery wastewater 
in the range of 10-15 m3/m3 alcohol produced, with the maximum permissible limits being 15 m3/m3 
alcohol produced in the Indian context [2,3]. Distillery wastewater is otherwise also known as spent 
wash, vinasse, slop, stillage or distillery effluent depending upon the source of the sugar used for 
ethanol fermentation.  
Spent wash volumes greater than 40 billion litres are generated in India annually [4]. Such huge 
quantities containing hazardous and high organic content pose a threat to the environment. Typical 
chemical oxygen demand (COD) for spent wash range between 110,000 – 190,000 ppm, with the pH 
in the acidic range [5,6]. In the case of vinasse, typical COD is much lower. Additionally, varying 
quantities of trace elements, heavy metals, anionic salts, phenolics and melanoidins responsible for 
the characteristic dark brown colour are also present. Variation in the composition and organic 
content of spent wash is seen due to its origin [7]. Detailed information on the characteristics of 
various types of spent wash are available in literature and not discussed here [7,8]. 
Waste streams with high COD such as spent wash needs treatment prior discharge and hence, 
government policies globally are enforcing industries to stricter discharge rules and eventually leading 
to a zero discharge policy [9]. The most common industrial practices for the disposal of spent wash 
are fertirrigation, biocomposting, incineration and anaerobic digestion [5,8]. Fertirrigation is the 
process of using spent wash as a water source to irrigate croplands. This process can effectively reduce 
the water footprint on the agricultural sector and discharge load of the distillery considering the 
volumes generated. However, long term use of spent wash for irrigation was reported to affect the 
soli quality by altering the alkalinity and biodiversity of the soil [10]. Biocomposting offers the use of 
two waste streams generated by the sugar industry, namely, press mud and spent wash. Biologically 
treated spent wash is mixed with press mud and then biocomposted to produce fertiliser [11]. This 
could add value to the industry by selling the fertiliser or could be recycled to the farmlands associated 
with the industry. In either case, the concerns surrounding the handling of huge volumes of spent 
wash and required land area to produce the compost in addition the slow rate of composting limits its 
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widespread use. Incineration is a popular option amongst distilleries, where the spent wash can be 
burnt to generate heat and electricity as well as recover condensate water for reuse within the facility. 
Problems associated with the energy cost and maintenance of the incinerators are the main 
limitations to this technology [5]. With this background, anaerobic digestion (AD) offers an attractive 
option for treating spent wash [12]. This is not only due to its low operating costs, robustness to handle 
varying feed compositions and government support for renewable biogas generation [13], but also 
valuing the organics in spent wash as a resource rather than waste. AD is also preferred over aerobic 
treatment due the costs involved, and lower amount of sludge generated as the by product [8]. Biogas 
generated upon AD could then be upgraded to biomethane to meet the requirements of 
transportation fuel. The digestate remaining upon AD can then be further composted or in some case 
directly used as a fertiliser [12].  
 
Figure 1: Various products and waste streams of the sugar industry. 
 
The advantages aforementioned, ranks AD at the top for valorising spent wash from distilleries. 
Therefore, there has been extensive work reported in literature on biogas generation from spent 
wash. Studies range from looking at different reactors such as continuous stirred tank reactors [14], 
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hybrid reactor combining the up flow anaerobic sludge blanket (UASB) reactor and filter bed reactor 
[15], up flow fixed film reactor [16] and traditional UASB reactor with modifications [17,18] for 
optimising the biomethane generation. Furthermore, studies on biomethanation of spent wash with 
the addition of urea for adjusting the C:N ratio and trace elements [19,20], immobilised methanogens 
for improving COD reduction [21], use of co-digestion feedstock such as cellulose, straw or cow 
manure for enhanced biomethane generation [22], effect of organic loading rate on biomethane 
generation [23], effect of pH on biomethane generation [24], effect of temperature of digestion and 
number of stages on AD [25-27] and cost-benefit analysis [28,29] have also been reported. Recently, 
research on both hydrogen and methane production via single or multi stage anaerobic digestion has 
also been reported [30-33].  
AD, although a suitable technology and the current industrial standard for spent wash valorisation, 
spent wash is not easy to digest and COD conversion rarely exceeds 70%. To extract more value and 
maximise the biogas generation from spent wash by making the available COD more digestible, pre-
treatment may be required. A wide range of pre-treatments, from physical, chemical, physico-
chemical to biological pre-treatments are reported in literature for the spent wash. Some of the key 
pre-treatment methods are briefly summarised in 
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Table 1. The methods discussed in literature have reported an increase in BMP, higher removal of COD 
(up to 90 % upon pre-treatment), removal of toxins and higher rate of biogas production [34-42].  
Although a range of pre-treatment methods are available, many of the reported methods are 
expensive or energy intensive and may not be suitable at an industrial scale (typically with spent wash 
flow rates of 20 m3/hr and above). For instance, as seen from 
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Table 1, none of the reported work have utilised a technology that is scalable. 
Energy required for a range of biomass pre-treatment methods are reported scarcely in literature [43-
45]. Thermal extrusion, lysate centrifugation and high pressure homogenisation have been reported 
with pre-treatment energy requirements below 7.2 GJ/ton total solids. In the case of bead mills (1.4 – 
60.1 GJ/ton total solids) and acoustic cavitation pre-treatment (1.7 – 90 GJ/ton total solids), a broad 
range has been reported as the energy required for pre-treatment. Due to these high energy 
requirements of these pre-treatment methods, a net energy gain cannot be achieved with enhanced 
biomethane generation. For example, Siles et al [38] used O3 treatment as a means of improving BMP 
from vinasse, an enhancement of 14 % corresponding to 34 m3 CH4/ton COD was reported. A 40 % 
reduction in total phenols, but not COD (quantified as g caffeic acid) due to ozonation for 15 minutes 
was reported as the predominant reason for enhancement. The energy costs involved were not 
reported. However, using with the reported energy requirements for ozonation of phenols [46,47], 
the energy required for ozonation pre-treatment was estimated to be 3.5 GJ/ton COD. This is higher 
than the energy gained due to 14 % increase in BMP which is estimated to be 1.2 GJ/ton COD. Thus, 
the ozonation pre-treatment results in net energy loss despite the observed enhancement in biogas 
generation. It is essential to develop a pre-treatment method which leads to net energy gain. In this 
work, we have investigated the use of hydrodynamic cavitation for the pre-treatment of high COD 
containing spent wash or vinasse streams to enhance their biogas generation.  
Cavitation is the phenomenon of formation, growth and collapse of vaporous microbubbles or cavities. 
These cavities collapse and generate localised hot spots with very high temperatures and pressures in 
addition to intense shear [48]. Consequently, highly reactive oxygen species namely hydroxyl radicals 
(OH) are formed. These hot spots, highly oxidising radicals and shear generated have been utilised for 
the physico-chemical pre-treatment of lignocellulosic biomass for enhancing the biomethane 
production via anaerobic digestion [43,49-54]. Cavitation can be generated hydrodynamically by 
passing the liquid streams through cavitation devices which generate low pressure regions. Cavities 
generated in these low pressure regions collapse when they experience high pressure and generate 
local hot spots, intense shear and hydroxyl radicals. Most commonly reported devices for 
hydrodynamic cavitation (HC) are linear flow devices such as venturi tubes or orifice plates. Variants 
in venturi tubes with a circular or rectangular throat have been reported and similarly, single hole and 
multi hole orifices have also been reported in literature for a variety of purposes, but predominantly 
waste water treatment [55,56]. These conventional cavitation devices are prone to clogging and 
severe erosion (since cavity collapse occur close to device walls). These problems have been overcome 
by a vortex based HC device disclosed by Ranade et al [57]. In this vortex based device, no small holes 
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or constrictions are present and the cavity collapse occurs in the core, away from the walls [58], 
thereby improving the life time of the devices. 
HC devices have been used in the past to pre-treat biomass for enhanced biomethane generation, 
both in lab scale and pilot scale [43,49,50,59]. Langone et al for instance reported that 1.6 – 2.4 GJ/ton 
total solids was required to pre-treat cattle manure for enhancing its BMP by up to 3 % [43]. The net 
energy yield was however negative as the energy required for pre-treatment using their swirling jet 
HC device was higher than the energy gained due to pre-treatment. In another study by Zielinski et al 
that reported the use of a rotor-stator HC device for enhancing the BMP of Sida hermaphrodita silage 
co-digested with cattle manure, a net positive energy gain of 0.6 GJ/ton total solids was calculated 
[59]. Similar positive net yield was also reported by Garuti et al for a full scale biogas plant operation 
with the biomass pre-treatment performed by a rotor-stator assembly [50]. In addition to the reported 
unconventional HC devices for biomass pre-treatment, a vortex based HC device has also been 
reported for the pre-treatment of biomass for enhanced biogas generation with a net positive energy 
yield [49].  
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Filtration using a ceramic 
membrane (pore diameter 
of 0.05 µm). 
8 L acrylic reactors operated 
under thermophilic conditions 
with continuous mixing. 
Hydraulic residence time (HRT) 
- 30 to 6 days. 
> 90 % reduction in COD after 
AD with pre-treated spent 
wash (75 % with untreated 
feed) at highest HRT of 30 days. 
Chang et al., 1994 
[40] 
Thin stillage 
from a corn 
ethanol 
plant in USA 
85,040 
ppm 
Centrifuged at 526 g for 10 
min. 
250 ml batch reactors 
operated under mesophilic 
conditions for 30 days under 
continuous stirring. 
Pre-treatment led to a 
decrease in cumulative biogas 







from a corn 
ethanol 
plant in USA 
85,040 
ppm 
Centrifuged at 526 g for 10 
min and then treated with 
lime. Resulting sample 
further centrifuged and 
supernatant used for BMP 
tests. 
250 ml batch reactors 
operated under mesophilic 
conditions for 30 days under 
continuous stirring. 
Pre-treatment increased the 
cumulative biogas up to 2.25 








Ozonation - 34 g O3/m3 
H2O2 - 4 mM  
Treatment time - 2h 
1 L batch reactors operated 
under mesophilic conditions. 
9 % lower cumulative CH4 
compared to untreated 
vinasse. 
Martıń et al., 2002 
[39] 
Ozonation - 34 g O3/m3 
H2O2 - 4 mM  
Light source – far UV 
Treatment time - 2h 
11 % lower cumulative CH4 
compared to untreated 
vinasse. 
Ozonation - 34 g O3/m3 
H2O2 - 4 mM  
Light source – far UV 
3 % lower cumulative CH4 with 
a higher specific methane 
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Photocatalyst – 2 g/L TiO2 
Treatment time - 2h 
generation rate compared to 







Ozonation - 34 g O3/m3 for 
15 minutes. 
1 L reactors operated under 
mesophilic conditions. 
14 % increase in BMP and 40 % 
increase in rate of methane 
production from pre-treated 
vinasse compared to untreated 
vinasse. 





from a grain 
ethanol 




Sonication time - 4 min 
Power - 1.5 kW  
Frequency - 20 kHz 
13 L acrylic digesters operated 
under thermophilic conditions. 
HRT - 30-9 days. 
A mixed, non-significant effect 
on BMP.  
Schaefer and 
Sung, 2008 [37] 
 
Thin stillage 
from a corn 
ethanol 
plant in USA 
110,000 
ppm 
Sonication time – 10-50 s 
Power – 2.2 kW  
Frequency - 20 kHz 
Amplitude – 33-100 % 
250 ml batch reactors 
operated under mesophilic 
conditions for 30 days with 
continuous stirring.  
Up to 29 % increase in BMP 
compared to untreated 
samples with a few cases 
showing a decrease in BMP.  











treatment of dilute spent 
wash in a fluidised bed 
bioreactor (FBB)  
Upflow anaerobic sludge 
blanket reactor under 
mesophilic conditions coupled 
with FBB for continuous 
biomethane generation. 
HRT – 6 days 
Higher CH4 content in biogas 
from pre-treated spent wash 
compared to untreated feed. 
España-Gamboa 








at 22 OC for 5, filtered and 
subjected to AD 
Continuous AD at various 
organic loading rates (OLR) - 
1.5-7.5 g/L 
HRT - 53-3 days 
Higher CH4 production rate 
observed with pre-treated 
vinasse compared to untreated 
vinasse.  














lipase, protease papain 
10 day BMP experiments 
performed with 1 L reactors 
under mesophilic conditions 
with continuous shaking. 
COD reduction of > 50 % 
reported for optimum 
conditions 




Vortex based HC devices have been previously employed to successfully treat simulated wastewater 
and pre-treat lignocellulosic biomass, namely sugarcane bagasse and grass silage to enhance its BMP 
[49,60]. Enhancement in BMP up to 15 % and 24 % upon 9 passes HC treatment with grass silage and 
bagasse was reported respectively. This corresponded to a gained energy of ~ 2.4 GJ/ton total solids 
and ~1.9 GJ/ton total solids respectively. The energy required for pre-treatment was however only 
~0.5 GJ/ton total solids, thereby yielding a net positive energy gain in the case of both feedstocks. HC 
with its scalability and being energetically favourable looks promising as a pre-treatment method. A 
few reports on the use of acoustic cavitation as a pre-treatment method for improved biogas 
production [37,41] and biohythane production upon co-digestion of vinasse with bagasse are available 
[61]. Additionally, improved biohydrogen production [62] and enhanced aerobic biodegradability [63] 
from spent wash upon sonication have also been reported. There is also a study that reported the use 
of HC as a post treatment method for biomethanated spent wash to further extract more biogas and 
reduce the COD and colour for discharge [4]. 
In the work reported here, we have investigated the effect of vortex based HC on the BMP of two 
types of spent wash, namely, originating from sugar cane molasses based distillery (sourced from an 
industry in India) and vinasse (sourced from a distillery in Brazil). BMP tests of the untreated and HC 
treated feedstock were performed. Generated data were analysed using a first order model following 
the example of Nagarajan and Ranade [49]. The net energy gained due to enhanced BMP obtained 
using the pre-treatment is discussed. Some results from large scale industry tests (obtained from the 
industry collaborator) confirming the lab scale results are also presented. The results will be useful to 




Spent wash (sourced from an Indian sugar mill) was air dried to concentrate it and then the 
concentrate was dried at 65OC to a powder. The spent wash powder was then shipped from India to 
Belfast. Instead of sending in the slurry, dried spent wash powder was shipped for the ease of 
transportation. For cavitation experiments, the dry powder of required quantity was mixed with tap 
water present in the tank of the experimental rig to achieve an initial concentration of 162.6 g/L spent 
wash powder in water. Based on a calibration curve prepared (see Figure S1) this concentration 
corresponded to a COD of 120,000 ppm which is the typical concentration for spent wash in India. 
Vinasse with an initial COD of 27,000 ppm was sourced from a distillery in Brazil and was used as 
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received. Inoculum used for BMP tests were obtained from a digester in Agri food and biosciences 
Institute (AFBI), Hillsborough, Northern Ireland, United Kingdom digesting cow slurry and grass silage.  
 
2.2 Substrate and Inoculum Characterisation 
To determine the total solids (TS) present, 1 g, 20 g and 2 g of spent wash powder, vinasse and 
inoculum were taken in dry crucibles in triplicates respectively. These were then placed in a Carbolite 
Gero oven at 105 °C for 24 h. Upon drying, the crucibles were left to cool down to room temperature 
and weighed. The weight lost from the sample was attributed to moisture. The crucibles were then 
transferred to a SNOL 13/1100 LHM01 muffle furnace and held at 550 °C for 2 h. Upon combusting 
the samples, the crucibles were allowed to cool down to room temperature and then weighed. The 
weight lost was recorded as the volatiles solids (VS) content of the sample, whereas the weight of 
samples left behind in the crucibles were attributed to ash [64]. COD of spent wash and vinasse were 
measured by first adding appropriate volumes (as recommended by the kit manufacturer) of the 
samples to the respective reagent kits with the ranges of 0–15,000 mg/L O2 and 0–1,500 mg/L O2 
respectively purchased from either Hach UK or Merck UK. The mixtures were digested at 148 OC for 2 
h and upon cooling to room temperature, the digested samples in the vials were measured using a 
Spectroquant Move 100 spectrometer against digested blanks.  
 
2.3 HC Pre-treatment 
A HC rig, similar to the one previously reported by Nagarajan and Ranade [49], hosting a vortex based 
cavitation device with a nominal capacity of 1.2 m3/h was used for the cavitation pre-treatment of 
spent wash and vinasse. Firstly, while designing the rig, care was taken to ensure that cavitation 
occurred in the HC device only, and not in any other sections of the flow circuit at various operating 
conditions. Top of the rig had a stainless steel tank with a volume of 20 L. 1” hole was made on the 
bottom of the tank to draw a feed inlet line to the pump (ROTO RCML 253 progressive cavity pump). 
The pump discharge line branched into a bypass line feeding back to the holding tank and the 
cavitation device inlet line (also known as the main line). The main line also hosted a pressure gauge 
(Pressure Direct, 0-7 bars) to monitor the inlet pressure of the feed to the cavitation device. The outlet 
from the device was then fed back to the holding tank completing the flow circuit. Galvanised steel 
pipes and fittings were used throughout with the exception of the valves being brass. Schematic of 
the rig can be found in the supplementary information (Figure S2 and Figure S3). 
12 
 
Spent wash pre-treatment was initiated by first filling the rig with tap water to a total volume of 12 L. 
A required quantity of spent wash powder was then added to the holding and allowed to mix with tap 
water under non-cavitating flow conditions. In the case of vinasse, since it was readily available as a 
slurry, 11.5 L of vinasse was added to the holding tank with the pipe sections already holding 3.5 L of 
tap water to make a final working volume of 14 L. Under non-cavitating conditions, the contents of 
the rig flowed through both the bypass and the main lines. An overhead stirrer was also placed in the 
centre of the holding tank to facilitate proper mixing and to ensure no dead zones occurred. Upon 
mixing under the above mentioned conditions for 5 minutes, 500 ml sample was withdrawn from the 
holding tank and named as untreated sample in the spent wash experiments. In case of vinasse 
experiments, 1 L sample was taken. Then, the flow through bypass line was shut by closing the 
appropriate valve and all flow was diverted through the main line. At this condition, the flow rate was 
measured as 1.54 m3/h and the inlet pressure was 3.9 barg. 500 ml sample were then taken from the 
holding tank after 2, 10 and 20 passes for the spent wash experiments. With the vinasse experiments, 
1 L samples were collected from the tank after 1, 2 and 5 passes. All the samples were stored in a 
refrigerator at 4 °C prior to BMP tests.  
 
2.4 BMP setup and Kinetics 
Untreated and cavitated spent wash, as well as vinasse were subjected to BMP tests. An automatic 
methane potential test system, popularly known as AMPTS II and a gas endeavour system (Bioprocess 
control, Sweden) were used to perform the BMP tests. The scheme of the set-up is shown in Figure 2. 
The method of setting up a BMP test previously described by Nagarajan and Ranade [49] was used in 
this case. Briefly, based on the ratio of VS content of inoculum to substrate (2:1), desired quantity of 
wet weights (WW) of inoculum and substrates were added to the BMP reactors (total volume of 500 
ml) to make up a working volume of 400 ml. Blank tests were also set up with the reactors consisting 
of only the inoculum and tap water to make up to a final working volume of 400 ml. Therefore, for 
each feedstock, 15 reactors were set up that was composed of triplicates of blank tests followed by 
untreated and cavitated feedstock at various number of passes. Overhead stirrers were fitted to all 
the reactors and connected in series. Mixers were operated at 50 % of the maximum speed with a 10 
sec on and off cycle. The stirrers mixed the contents of the reactor both in clockwise and counter 
clockwise directions periodically. The reactors were then placed in a water bath that was kept constant 
at 41 °C. The gas generated as a result of anaerobic digestion, passed through reactor outlets to bottles 
containing 3 M NaOH and 0.4 % thymolphthalein pH-indicator solution that stripped CO2 and H2S from 
the gas mixture. This enabled automatic quantification of the generated biomethane. The obtained 
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results were normalised to standard temperature and pressure (STP). BMP tests were performed for 
20 days with vinasse and 29 days with spent wash. BMP of each substrate was calculated using 
Equation 1 and reported as cumulative biomethane produced. 
𝐵𝑀𝑃𝑡 =  
(𝑉𝑠,𝑡−𝑉𝑖,𝑡)
𝑉𝑆𝑠
        ………………………….(1) 
where BMPt (ml CH4/g VS) is the biomethanation potential of the substrate at time t (days), Vs,t (ml 
CH4) is the volume of biomethane produced by the substrate at time t, Vi,t (ml CH4) is the volume of 
biomethane produced by the inoculum at time t, from the blank tests and VSs (g VS) is the amount of 
volatile solids present in the substrate fed to the reactor. Triplicates within the sample were used for 
BMP tests and hence the average of the replicates was used to produce the plots which are reported 
here. The standard deviation between the replicates for each time point from its mean was calculated 
and plotted as error bars of the experimental data. Otherwise, generally, potential errors can occur 
due to differences in the composition of inoculum in each reactor, the degassing time of the inoculum 
before inoculation, the solids content of the inoculum, use of different batches of inoculum or 
substrate and sampling from an unmixed holding tank. 
The BMP data (net generation per gm of VS – Equation 1) obtained from untreated spent wash in the 
present work is shown in Figure 3. It can be seen that the BMP data clearly exhibits three distinct 
regions. The first day produced significant biomethane which was subsequently decreased. This initial 
gas production stage was also found for both the untreated and pre-treated spent wash as well as 
vinasse. This initial gas production phase occurred because of the presence of easily utilisable fractions 
such as alcohols, fatty acids or soluble sugars in the feedstock. Once the easily digestible organics were 
utilised, the net biomethane generation stopped before starting again with the breakdown of complex 
organics. Since the interest is in understanding digestion of complex COD contained in the feedstocks, 
the initial data obtained during this phase (called as lag phase here) was not considered for processing 
the BMP data. Instead, the data was processed by shifting the time coordinate by t0, lag time (days). 
In order to obtain the value of t0 unambiguously, a line was fitted through the first four data points 
post lag time. The slope and intercept of the linear fit of the first four data points were used to obtain 





Figure 2: Scheme of biomethane potential test system; (1 – bioreactor with a total volume of 500 ml 
placed in a water bath at 41 OC, 2 – stirrer, 3 – purge valve, 4 – gas outlet, 5 – CO2 stripping bottle 
containing 3 M NaOH and 0.4 % thymolphthalein pH-indicator solution, 6 – gas inlet to alkali bottle, 
7 – stripped gas outlet, 8 – pre-calibrated counter to measure the volume of biomethane generated, 
9 – gas inlet to the counter and 10 – gas vent) 
 
The BMP data of untreated spent wash shows diauxic digestion (digestion in multiple stages) after the 
lag phase. This could have been due to the presence of recalcitrant organics in untreated spent wash. 
Presence of these complex organics affect the overall rate of digestion as well as the cumulative 
biomethane generation. Similar cases of diauxic digestion from a variety of substrates such as paper 
wastes [65], manure, food waste [66,67] and activated sludge [68] have been reported in the past by 
various researchers. With such diauxic digestion, a simple first order model is not appropriate.  Linear 
combination of two first order models was therefore used to process the BMP data showing diauxic 
digestion as shown in Equations 2 and Equation 3. 
𝐺 =  𝐺𝑚𝑎𝑥1 [1 − 𝑒
−𝑘1(𝑡−𝑡0)] 𝑓𝑜𝑟 𝑡 ≤  𝑡𝑐𝑟𝑜𝑠𝑠     ………………………….(2) 
𝐺 =  𝐺𝑚𝑎𝑥1 [1 − 𝑒
−𝑘1(𝑡−𝑡0)] +  𝐺𝑚𝑎𝑥2 [1 − 𝑒
−𝑘2(𝑡−𝑡0−𝑡𝑐𝑟𝑜𝑠𝑠)] 𝑓𝑜𝑟 𝑡 >  𝑡𝑐𝑟𝑜𝑠𝑠 ………………………….(3) 
where Gmax1 is the maximum biomethane that could be generated from the 1st stage (ml CH4/g VS) and 




Figure 3: Experimental biomethane generation and fitted data from untreated spent wash showing 
lag phase. 
 
Overall Gmax was calculated as the sum of Gmax1 and Gmax2, k1 and k2 are the rate constants for 
biomethane generation in stage 1 and 2 respectively (day-1), and tcross is the time (days) at which stage 
2 becomes active (after the lag phase). The five model parameters namely, Gmax1, Gmax2, k1, k2 and tcross 
were obtained using non-linear regression (using the solver tool included in Microsoft Excel). Unlike 
untreated spent wash, the BMP data obtained for HC treated spent wash as well as vinasse did not 
exhibit two stages or diauxic digestion. It is conjectured that vinasse contains easy to digest COD which 
avoids diauxic digestion. The HC pre-treatment for spent wash is also expected to improve the 
digestibility of the difficult to digest COD in the untreated spent wash. The observed absence of diauxic 
digestion with these samples lends support to this. Therefore, for all the BMP data except that for the 
untreated spent wash, a simple first order model shown in Equation 2 was used to process the BMP 
data (by setting tcross to a value higher than the period of BMP tests). Confidence intervals (95%) of the 
fitted parameters were obtained using the curve fitting tool in MATLAB. The average confidence 
intervals for parameter Gmax were found to be ± 7 % and ± 12 % for all spent wash and all vinasse 
respectively. The average confidence intervals for parameter k were found to be ± 10 % and ± 21 % 
for all spent wash and all vinasse respectively. The correlation coefficients (R2) for all the fits were 
greater than 0.99. These parameters obtained by processing experimental BMP data are reported and 





























Experimental BMP - untreated spent
wash
Fit - untreated spent wash
 
These points were not 
considered for fitting 
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3. Results and Discussion 
3.1 BMP measurement and Kinetics 
The inlet COD of spent wash and vinasse used for the BMP tests were 120,000 ppm and 27,000 ppm 
respectively. The measured VS content of these feedstock were used to establish the relationship 
between VS and COD. 1 g COD was found to be equal to 1.02 g VS of spent wash and 0.72 g VS of 
vinasse. Based on the COD, theoretical maximum BMP from each gram of COD can be calculated. The 
theoretical maximum methane production from one gram of COD corresponds to 0.35 L CH4 at STP 
assuming the molar ratio of CO2 to CH4 in the generated biogas as 1.  BMP of untreated and HC treated 
spent wash and vinasse are shown in Figure 4(a) and Figure 4(b) respectively. A striking similarity at 
the first instance in both the cases is a similar initial gas production stage. Biomethane yields in this 
initial stage were similar for the same type of untreated and HC treated samples (for both the 
substrates) and could be due to the presence of easily utilisable fractions such as carbohydrates, 
alcohols or volatile fatty acids. Once these easily digestible organics were utilised, the gas production 
almost halted before picking up again. The maximum biomethane yield in this phase for vinasse was 
almost twice as much as that of spent wash, indicating a higher availability of easily digestible organics 
in vinasse. Presence of such fractions in vinasse and spent wash have been reported in the past [7,69]. 
This initial stage was termed as the lag phase which lasted up to ~5 days for untreated spent wash, 
however with the HC treated spent wash samples, this phase lasted only ~4 days. In the case of vinasse 
samples, the untreated and 1 pass vinasse samples had an initial lag time of ~7 days, whereas the 2 
passes and 5 passes treated samples had a lag time of ~8 days. The lag phase seen in both the cases 
could have been due to the use of a non-acclimatised inoculum to digest spent wash. The inoculum 
was collected from an active digester, digesting cattle slurry and grass silage. With the type of 
substrate being different in this case an acclimatisation stage might have helped to overcome or 
shorten the lag phase observed with the digestion of spent wash and vinasse. 
The fitted model parameters for untreated and HC pre-treated spent wash samples are shown in Table 
2. As seen, a lower lag time of ~4 days was observed with the HC treated spent wash in contrast to ~5 
days observed with the untreated sample. Furthermore, a 14 % increase in Gmax was observed upon 
HC treatment after just 2 passes. Gmax of 10 passes HC treated spent wash was found to be similar to 
that of the 2 passes sample, however in the case of 20 passes HC treated spent wash, a lower Gmax 
compared to 2 passes spent wash was observed. Additionally, no diauxic gas production was observed 
with any of the HC treated spent wash samples indicating that the recalcitrant organics were broken 
down due to the physico-chemical effect of HC thereby making the COD more digestible. Similar effect 




Table 2: Fitted parameters used in the model to describe the BMP profiles of spent wash shown in 




Spent wash – 2 
passes 
Spent wash – 
10 passes 
Spent wash – 
20 passes 
Gmax (ml CH4/g COD) 207 236 237 228 
k (day-1) 0.106* and 0.097$ 0.054 0.046 0.050 
t0 (days) 5.1 4.1 4.2 4.1 
 
Compared to the spent wash, a longer lag time was observed with the vinasse samples and no diauxic 
gas production was observed. Therefore, simple first order model (Equation 2) was used to process 
the BMP data. The data for the untreated vinasse show much larger error bars around day 10. Couple 
of data points in that region were therefore not considered while fitting the Equation 2. The fitted 
results are shown in Figure 4(b). The model parameters are listed in Table 3. It can be seen that unlike 
spent wash, no significant influence of HC pre-treatment was observed for the case of vinasse. 
Comparing the observed Gmax with the theoretical value of BMP, one can calculate the COD used (or 
COD conversion) for biogas generation. It can be seen that HC pre-treatment enhanced COD 
conversion from 59 % (for untreated spent wash) to 65-68 % (for the HC treated spent wash). With 
the case of vinasse, the COD conversion ranged between 78-95 %. These observed COD conversions 
in the present BMP experiments are lower compared to the values reported in published literature 
[14,15,29,70].  
Low COD removal rates could be primarily due to use of non-acclimatised inoculum for digestion and 
possibly also due to no use of nutrients or trace elements to support microbial activity, unadjusted pH 
prior digestion, and seasonal variability of feedstock. The inoculum used in our study was obtained 
from a digester operating on cattle slurry and grass silage as feedstock and was not adapted to digest 
spent wash. Hence, a lag phase was clearly seen, where only the easily available organics were utilised 
first (both in the cases of vinasse and spent wash) followed by the recalcitrant organics. HC pre-
treatment helped in breaking down the recalcitrant compounds to an extent (thereby also leading to 
a lower lag time, lack of diauxic digestion from pre-treated samples and higher rates compared to 
untreated samples), but not completely. An acclimatisation phase prior to BMP tests might have 
possibly given a higher COD removal. Bories et al. (1988), for instance performed high COD stillage 
digestion studies with a range of inocula to determine its effect on biomethane production [70] and 
have reported need for acclimatisation of inoculum. Another important factor to consider in addition 
to inoculum acclimatisation is the inherent variability within the feedstock itself. The effect of seasonal 
and compositional differences of vinasse on BMP has been reported earlier [71,72]. Janke et al and 
Leite et al, reported significantly different values of BMPs for vinasse samples containing similar COD 
[71], [72]. It is evident from these reports that even with a narrow range of COD across samples, 
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Figure 4: Influence of number of passes in HC on BMP of (a) spent wash and (b) vinasse. Symbols 
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Vinasse – 1 
pass 
Vinasse – 2 
passes 
Vinasse – 5 
passes 
Gmax (ml CH4/g COD) 333 329 322 275 
k (day-1) 0.114 0.124 0.119 0.158 
t0 (days) 7.3 7.2 7.9 8.0 
 
Spent wash and vinasse are known to possess melanoidins which are recalcitrant sugar-amine 
complexes that are resistant to microbial degradation [73]. These refractory complex organic 
polymers possess a surface charge and interact with metal ions in the active centres of enzymes 
leading to protein precipitation, thereby making them inactive and unavailable for biomass 
breakdown. In addition, melanoidins are known antioxidants that can be bactericidal. This may have 
also led to a lower biomethane yield from the untreated samples. In the case of pre-treated samples, 
melanoidins could have been partially broken down by the action of HC. Depending on its original 
chain length, composition of the side chain and molecular weight a variety of intermediates might 
have formed due to pre-treatment. With optimal pre-treatment, the available COD may become 
digestible however with over treatment intermediate inhibitors may be produced thereby lowering 
the overall biomethane yield. An increase in concentration of toxic intermediates as a result of 
sonication pre-treatment causing an inhibition to the aerobic biodegradability of distillery spent wash 
has been reported previously by [63]. In the case of phenolics present in the samples, the type of 
phenolics present and its solubility in water determines its inhibitory effect. For example, [74] 
reported an inhibitory concentration of phenolics for biomethane production (from anaerobic sludge) 
to be between 800 – 1,600 mg C/L. Back of the envelop calculations based on these numbers indicate 
that an inhibitory effect looks more plausible than the loss of organics due to over treatment. 
However, further investigations into identification and quantification of inhibitors generated by HC 
pre-treatment and their influence on BMP are needed to draw definitive conclusions. 
Acoustic cavitation studies and its effect on the BMP of stillage and a range of other distillery residues 
was reported by Wu-Haan et al [41]. They used a 2.2 kW 20kHz ultrasonic system to pre-treat stillage 
with an initial COD of 110,000 ppm. Combinations of various pre-treatment times ranging from 10-50 
s and sonication amplitudes ranging from 33-100 % was used. Batch BMP of the pre-treated and 
untreated samples were set up and compared under mesophilic conditions. Stillage upon 10 and 20 s 
sonication at 33 % amplitude showed BMP’s lower than the untreated stillage samples, whereas all 
the other samples showed an increased BMP in comparison. Pre-treatment at 66 % amplitude for 10 
s was found to be optimum as it showed the highest enhancement in BMP with ~29 % increase when 
compared to the untreated sample. It has to be noted that their BMP tests were performed with the 
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addition of inorganic nutrients and adjusted alkalinity prior digestion which in general could have 
positively influenced the microbial activity for biomethane generation. In our work however, no trace 
elements or nutrients were added nor was the alkalinity adjusted. As the inoculum to substrate ratio 
(on the basis of VS) was 2:1 in our study, the higher quantity of inoculum used was assumed to provide 
the required buffering capacity. No rates were reported for the BMP in their study and hence a means 
of comparison along those lines were not possible.  
 
3.2 Application to large scale digesters 
Based on the bench scale results, geometric scale up of the vortex based device was performed and 
retrofitted in four distilleries in west and central India to pre-treat the incoming spent wash streams 
for enhanced biomethane generation (Figure 5) [76]. Due to confidentiality, the names of the 
industries are not disclosed. The average COD loads to these digesters were in the range of 120,000 – 
190,000 ppm and the spent wash inflow rates were in the range of 13 – 50 m3/h. The vortex based HC 
device installed upstream of the digester was designed to match the inflow rates thereby achieving 
one pass HC treatment before being digested. With just one pass through vortex based cavitation 
device, an increase in biogas yield in the range of 10 – 22 % was observed on these industrial scale 
digesters. This is for the first time, a fully scaled-up hydrodynamic cavitation based pre-treatment has 
been shown to enhance biogas generation by effectively pre-treating spent wash at industrial scale. 
Illustrative energy calculations (gained and required for HC pre-treatment) were therefore performed 
for 1 and 2 passes HC pre-treatment for typical industrial spent wash inflow rates of 20 m3/h and 50 
m3/h for 150 days digester operation in a year. These calculations were based on the Gmax 
enhancement observed upon HC treatment at 2 passes and reported in Table 2Error! Reference 
source not found.. The energy required for pre-treatment; Epre-treatment can be calculated using Equation 
4. 






      ………………………….(4) 
where, ∆P is the pressure drop across the vortex based HC device (bars), np is the number of passes, 
Cf is the concentration of COD in the feed stream (ton COD/m3) and ɳ is the pump efficiency (assumed 
to be 0.66). The enhanced biomethane generation, Ggained as a result of HC treatment can be calculated 
and translated to Egained, energy gained using Equation 5 and Equation 6. The net energy gain can 
therefore be calculated using Equation 7.   
𝐺𝑔𝑎𝑖𝑛𝑒𝑑 =  ([𝐺𝑚𝑎𝑥]𝑝𝑟𝑒−𝑡𝑟𝑒𝑎𝑡𝑒𝑑 −  [𝐺𝑚𝑎𝑥]𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑) 
𝑚3
𝑡𝑜𝑛 𝐶𝑂𝐷
    ………………………….(5) 
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𝐸𝑔𝑎𝑖𝑛𝑒𝑑 =  ∆𝐻𝑐𝑎𝑙  𝐺𝑔𝑎𝑖𝑛𝑒𝑑  
𝑀𝐽
𝑡𝑜𝑛 𝐶𝑂𝐷
       ………………………….(6) 
𝑁𝑒𝑡 𝐸𝑛𝑒𝑟𝑔𝑦 𝐺𝑎𝑖𝑛 =  𝐸𝑔𝑎𝑖𝑛𝑒𝑑 − 𝐸𝑝𝑟𝑒−𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡  
𝑀𝐽
𝑡𝑜𝑛 𝐶𝑂𝐷
    ………………………….(7) 
where ∆Hcal is methane’s calorific value (MJ/m3), [Gmax]pre-treated and [Gmax]untreated are the Gmax of pre-
treated and untreated samples respectively in m3 CH4/ton COD. 
 
 
Figure 5: Enhancement in biogas yields from large scale spent wash digesters upon 1 pass vortex 
based HC pre-treatment. [76].  
 
At an inflow rate of 20 m3/h for a COD load of 120,000 ppm, for 1 and 2 passes HC treatment, the 
corresponding Epre-treatment were calculated to be 5.8 MJ/ton COD and 11.9 MJ/ton COD respectively 
and the corresponding net energy gain of ~1 GJ/ton COD at 1 and 2 passes were calculated 
respectively. In a commercial scenario however, a broad range of COD loads are expected in the feed 
stream across distilleries all over the country. Hence, for illustrative purposes the influence of HC on 





























































of 20 m3/h was calculated and shown in Figure 6. Similar plot was also prepared for a higher inflow 
rate of 50 m3/h and is shown in Figure S4. It can be seen from Figure 6 that even at a minimum COD 
load of 0.25 ton COD/h (900 ton COD/year), the net energy gained upon 1 and 2 passes HC treatment 
was calculated to be 0.98 GJ/ton COD and 0.93 GJ/ton COD respectively. At a higher inflow rate of 50 
m3/h, after 1 and 2 passes HC treatment, the net energy gains were found to be 0.91 GJ/ton COD and 
0.79 GJ/ton COD respectively. 
 
 
Figure 6: Epre-treatment (continuous and dashed lines) and Egained (dotted line) as a result of HC pre-
treatment of spent wash at 1 and 2 passes at an inflow rate of 20 m3/h.  
 
4 Conclusion 
HC based pre-treatment using vortex based cavitation devices was investigated for the spent wash 
and vinasse waste streams. Batch BMP tests were performed with the untreated and pre-treated 
feedstock and the effect of pre-treatment on BMP was quantified. The obtained experimental data 
was fitted with a first order model. HC pre-treatment was found to have significant influence on BMP 
of spent wash. HC pre-treatment of spent wash was found to eliminate diauxic digestion observed 
with untreated spent wash. The observed BMP was found to first increase with number of passes 
through HC device and then decrease with further passes. One to two passes were found to be the 
optimum. With two passes through HC device, 14 % enhancement in BMP from spent wash with an 
initial COD of 120,000 ppm was observed. Unlike spent wash, no significant influence was seen with 
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wash. COD conversion in the range of 59-68 % was observed with spent wash whereas in the case of 
vinasse the conversion ranged from 78-95 %. The net energy gain due to the increased biomethane 
produced from HC treated spent wash was calculated to be ~1 GJ/ton COD processed. The HC pre-
treatment was also found to enhance biogas generation (between 10 to 22%) at industrial scale as 
illustrated by the data on four industrial digesters digesting spent wash after HC pre-treatment (single 
pass through vortex based HC device) with a range of inlet COD loads (120,000 – 190,000 ppm). For 
typical industrial flow rates (20 m3/h and 50 m3/h) and COD levels of spent wash (900-36,000 ton COD 
processed/year), pre-treatment using vortex based cavitation devices was found to be significantly 
beneficial. The results presented in this study confirm the potential of vortex based HC as an effective 
pre-treatment for spent wash for enhanced biomethane generation. 
 
Notations 
[Gmax]pre-treated Gmax of pre-treated substrate (ml CH4/g VS) 
[Gmax]untreated Gmax of untreated substrate (ml CH4/g VS) 
∆Hcal calorific value of methane (MJ/m3) 
∆P pressure drop across vortex based cavitation device (Pa) 
BMPt BMP of substrate at time t (ml CH4/g VS) 
BMPth theoretical BMP that could be achieved from the substrates (ml CH4/g VS) 
Cf concentration of COD in feed stream (ton COD/m3) 
Egained energy gained due the enhanced biomethane generated (MJ/ton COD) 
Epre-treatment energy required for pre-treatment (MJ/ton COD) 
G amount of biomethane generated at time t (ml CH4/g VS) 
Ggained net biomethane gain as a result of HC pre-treatment (m3/ton COD) 
Gmax biomethane potential or maximum biomethane that could be generated from the 
substrate, or sum of Gmax1 and Gmax2 specifically for untreated spent wash (ml CH4/g 
VS) 
Gmax1 maximum biomethane that could be generated from the substrate in the 1st stage 
(ml CH4/g VS) 
Gmax2 maximum biomethane that could be generated from the substrate in the 2nd stage 
(ml CH4/g VS) 
k biomethane generation rate (day-1) 
k1 biomethane generation rate in the 1st stage (day-1) 
k2 biomethane generation rate in the 2nd stage (day-1) 
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ɳ pump efficiency (%) 
np number of passes through the vortex based HC device 
p atmospheric pressure (Pa) 
R2 correlation coefficient 
t time (days) 
 
Acronyms 
AD Anaerobic digestion 
AMPTS II Automatic methane potential test system II 
BMP Biochemical methanation potential 
COD Chemical oxygen demand 
FBB Fluidised bed bioreactor 
HC Hydrodynamic cavitation 
HRT Hydraulic retention time 
OLR Organic loading rates 
STP Standard temperature and pressure 
TS Total solids 
UASB Up flow anaerobic sludge blanket  
VS Volatile solids 
WW Wet weight 
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